Abstract: This paper presents a mathematical modelling of the effects of initial fabric on the mechanical behaviour of sand. A stress-dilatancy model that incorporates microstructural aspects of sand is hereby obtained while writing energy conservation for an ensemble of particles over a representative elementary volume at micro-and macro-scales. The resulting stress-dilatancy model, when used within an elastoplastic framework, successfully reproduces certain aspects of sand behaviour that are reflective of its microstructure under both drained and undrained conditions. The role of microstructure in relation to the characterization of steady, quasi-steady, and phase-transformation states is discussed within the framework of the model. Numerical simulations obtained from the proposed model are generally very consistent with experimental observations and provide insightful information.
Introduction
The behaviour of sand is greatly influenced by its microstructure, i.e., the geometrical arrangement of the grain particles including the forces acting between them. In drained conditions, a deforming sand specimen experiences an increase in volume during shearing depending on its density. This phenomenon, termed stress dilatancy, can be viewed as an internal constraint imposed by the discrete sand particles (see Goddard and Didwania 1998) . Hence, variations in particle arrangement, i.e., the fabric, will invariably bear on the stress-dilatancy property of sand during deformation history.
Experimental and theoretical explorations of stress dilatancy in granular materials can be traced as far back as the early works of Reynolds (1885) . Long afterwards, Rowe (1962) introduced a stress-dilatancy theory which is now well known in soil mechanics. From experimental investigations, such as those of Oda (1972) , Nemat-Nasser (1980) , Pradhan et al. (1989) , Houlsby (1991) , Vaid and Sasitharan (1992) , and Nakai (1997), it is found that factors such as confining stress, density, stress path, and fabric all have significant effects on the macroscopic response of sand. On the modelling front, stress-dilatancy formulations based on different assumptions have been proposed and incorporated into elastoplastic constitutive models (see, among others, Nova and Wood 1979 and Matsuoka 1974) . More recently, Guo (1998, 1999a) modified the original Rowe stress-dilatancy formulation to include barotropy (stress dependency) and pyknotropy (density dependency).
Since stress dilatancy controls both drained and undrained behaviours of sands, the undrained response of a saturated sand is also reflective of fabric. In fact, fabric changes in undrained conditions may be more prominent than those in drained conditions, as local volume changes must vary in such a way that the sample does not experience any net volume change. Furthermore, considering that undrained conditions are no more than a constraint of zero volume change resulting in a response in excess pore-water pressure, it is required that volumetric changes be accurately modelled. Hence, particular attention must be paid to constitutive modelling issues.
In the present work, a stress-dilatancy-based constitutive model with microstructural dependencies is developed. Experimental results on sand with different fabrics is reviewed and a stress-dilatancy equation with embedded microstructure is formulated. The latter is achieved by equating the energy dissipation calculated for an ensemble of particles to the energy per unit volume expressed in terms of macroscopic measures such as stress and strain. The incorporation of the resulting stress-dilatancy equation into classical elastoplasticity theory as a flow rule allows us to simulate sand behaviour under a variety of stress and strain conditions, including undrained conventional triaxial compression responses of saturated sand with different fabrics under various conditions. The model results obtained are consistent with experimental observations.
Influence of fabric on undrained behaviour of sand
Different sample preparation methods, namely moist placement (MP or wet tamping), water sedimentation (WS or water pluviation), and dry deposition (DD), have been devised to achieve the required initial density in the conventional triaxial testing of sands in the laboratory. Details of these methods can be found in Zlatovic and Ishihara (1997) . The main issue is the influence of different initial fabric on the measured response, hence strength characteristics of sand, especially in cyclic strength studies. From a practical viewpoint, this translates into whether the bedding planes (initial fabric) of a naturally or artificially placed fill can have any bearing on its liquefaction potential. Figure 1 shows the undrained responses of Nevada sand samples prepared by two different methods (MP and DD), but at the same initial void ratio, i.e., e 0 = 0.80. An interesting observation is that the sample prepared by MP displays a hardening behaviour with the development of increasing strength. On the other hand, the DD sample exhibited a quasi-steady-state (QSS) behaviour described by a temporary collapse (region AB), followed by a brief phase of limited flow (point B) before regaining strength with increased deformations as shown in Fig. 1 . This suggests that QSS may not be a material characteristic, but rather is controlled by some internal state parameter such as fabric and dilatancy.
More subtle differences are found in the development of excess pore pressure with different sample preparation methods. The point at which the rate of pore-pressure generation is temporarily zero coincides with the so-called phasetransformation state marking the transition from contractive to dilative behaviour. Figure 2 illustrates the role played by fabric in the undrained response of Masado sand under both triaxial compression and extension (see Tsukamoto et al. 1998) . For the same initial void ratio, different stress-strain curves are obtained despite achieving the same ultimate strength. Also, the phase-transformation state is reached at higher strains for WS-prepared samples in triaxial compression.
In view of obtaining an objective measure of strength characteristics, it is necessary to identify the initial (inherent) anisotropy developed during sample preparation with some sort of quantifiable parameter. For instance, in both WS and DD, a bedding plane (plane of preferential deposition) develops perpendicular to the falling direction of particles and tamping directions, respectively. Thus, the bedding planes of a sample are usually horizontal. Although they may not be clearly visible to the naked eye, they appear distinctively as horizontal lines on computer aided tomography (CAT) scan pictures (see Gilbert 1984) .
The influence of fabric on the behaviour of sands can also be investigated experimentally by varying the angle between the applied external major principal stress and the bedding 
Fig. 2.
Influence of sample preparation method on the undrained response of Masado sand (after Tsukamoto et al. 1998). plane. Figure 3 shows the undrained responses of sand in a torsional hollow cylinder test with different orientations θ between the major principal stress direction and the initial bedding plane (see Uthayakumar 1996) . All tests were performed on loose sand at a relative density D r of 30% and initial consolidation pressure of 200 kPa with θ kept constant. When the direction of major principal stress is perpendicular to the bedding plane (θ = 0°), the loose sand behaves as if it was dense with no flow failure taking place. However, with increasing bedding angles θ, the sample becomes more prone to flow failure. In fact, when the direction of major principal stress aligns itself with the bedding plane (θ = 90°), flow failure fully develops as shown in Fig. 3 . These results again show that the fabric of granular materials and its evolution during deformation history have tremendous effects on their mechanical response: a loose sand may not liquefy by simply changing its initial fabric. Since the undrained response of saturated sand is intimately related to its inherent stressdilatancy property and microstructure, the main thrust of this work is to include fabric characteristics into stress-dilatancy formulations.
Stress-dilatancy equation with embedded microstructure
In view of incorporating microstructural aspects into the formulation of stress dilatancy, a representative elementary volume (REV) is chosen in which macro-variables are averaged and expressed in terms of micro-variables. For example, as a result of volume averaging, Cauchy stress can be expressed in terms of contact forces between particles via a so-called fabric tensor F that describes the geometrical arrangement of particles. Also, strain can be linked to the fabric and kinematical variables such as particle translation and rotations. Details can be found in Guo (2000) , Wan and Guo (1999b) , and Chang and Ma (1991) .
Review of averaging rules
The objective is to develop relationships linking micro-to macro-variables for an ensemble of particles in a representative elementary volume using averaging principles. Parameters describing both the kinematics and statics of such an assembly are averaged over a representative elementary volume in view of a continuum formulation. It was shown by Guo (2000) that the contact force f c in the assembly of volume V can be computed from
where F is the fabric tensor describing the geometrical arrangement of particles, l c is the branch vector connecting two particle centroids, is the Cauchy stress for the assembly, the symbol q is the tensor product operator, and the colon denotes the inner product. Equation [1] introduces a socalled true stress tensor * which is obtained by factoring fabric into the Cauchy stress tensor.
Turning to kinematics, it can be shown that contact displacements ∆u c are related macroscopically to the strain field through the projection rule or the principle of mean field value theory (Jenkins and Strack 1993) . Basically, the local contact displacements are obtained by projecting the global strain field in the direction for which the contact displacement is being sought, i.e., [2] ∆u c = *.l c ; * = :F in which and * are conventional and fabric factored strain tensors, respectively. Equations [1] and [2] are basic expressions from which mean normal and tangential forces and mean relative normal and tangential displacements can be readily computed for an ensemble of particles. For simplicity, expressions are sought for a mono-disperse assembly of rigid spherical particles.
Microstructure-based stress-dilatancy model
Stress dilatancy of a granular assembly is hereby pursued through energy-dissipation considerations at grain contacts which slip during macroscopic deformations. As the slips are totally irrecoverable, energy is fully dissipated. By equating the rate of energy (power) [3] and the associated microscopic-based parameters can be found in Guo (2000) . For the sake of brevity in this paper, only a few of the principal variables are recalled. For example, h f T , h s2 T , and g p refer to the influence of fabric, ξ, h R , and h R2 reflect the influence of particle rotation, and K s relates to void ratio e. In fact, K s defines the ratio of the number of sliding contacts, N c s , to the total number of contacts, N c . Also, J and J* are the second deviatoric stress invariants of the Cauchy and true stress tensors, respectively. The mean true stress is given by p*, whereas volumetric strains are denoted by ε v .
To keep derivations tractable, certain assumptions are made on the functional form of principal variables in eq. [3] which are related to well-known parameters such as critical void ratio, e cr , and friction angle at critical state, ϕ cv . Furthermore, conventional triaxial stress conditions (σ 1 , σ 2 = σ 3 ) are considered in this paper, but this is by no means a restriction on the model. With all the above-mentioned considerations, the following simplest form for the fabricembedded stress-dilatancy equation is obtained, i.e., In eq.
[6], notice the presence of F 11 and F 33 , which are fabric tensor components in the axial and radial directions, respectively, in conventional triaxial stress setting. Fabric is also embedded into the formulation via the true shear strain term γ p* , which is conventional strain factored with fabric (see Guo 2000) ; X, a, and α are material constants.
Depending on the magnitude of the characteristic friction angle ϕ f relative to that of the mobilized friction angle ϕ m , the dilatancy rate
can change sign as shown in eq. [4] . A negative dilatancy rate implies compaction, whereas a positive value refers to dilation. Also, sands with different fabrics will dilate at rates commensurate with the level of stress ratio and corresponding to minimal energy dissipation. Another observation is that at small shear strains, the dilatancy rate is essentially controlled by components of the fabric F. Conversely, at large shear strains the influence of fabric is erased as sin ϕ f → sin ϕ cv in eq. [6], so eq.
[4] reverts to the original Rowe's stress dilatancy. It is the delicate interplay between friction mobilization, fabric development, void ratio evolution, and stress level via critical void ratio which allows a dilatancy rate to be computed from eqs.
[4]-[6] for a given state during deformation history.
Constitutive model
The microscopic-based stress-dilatancy expression (eq. [4]) is incorporated into an elastoplastic constitutive model described in Wan and Guo (1998) . Here, only highlights of the formulation and extensions made to the model are discussed. The sign convention used is that compression is positive for both stress and strain.
Mobilization of friction angle
The yield surface is described in terms of Cauchy stresses to ensure a zero principal stress difference in isotropic stress conditions. Also, the Cauchy stress formulation gives a unique stress ratio at critical state, irrespective of the fabric. On the other hand, fabric dependencies are incorporated into the hardening law that is based on true strains *, current void ratio, and stress level. In more precise terms, a special double-hardening law is introduced in the following form: [7] sin sin
in which α and β are material parameters, and γ p* is the true plastic shear strain. Both the mathematical and physical significances of eq. [7] were discussed at length in Wan and Guo (1999b) . In simple terms, the mobilization of friction in eq. [7] is controlled on the one hand by fabric changes and plastic shear strains through the true plastic shear term γ p* and on the other hand by current void ratio e dependent on plastic volumetric changes arising from stress dilatancy and hydrostatic stresses. It is clear that at critical state γ p* → ∞, and thus sin ϕ → sin ϕ cv in a unique manner, irrespective of fabric. The critical void ratio e cr normally is a function of mean effective stress and fabric at critical stress according to [8] e e p h n cr cr0 cr
where e cr0 is the critical void ratio at very small confining stress, n cr is an exponent number, and h cr is some parameter. The effect of fabric is incorporated through the term p*, which is the mean of the normal stress components of the true stress tensor * defined previously. Both friction hardening and softening can be described by eq.
[7] as a result of the combined effects of γ p* and e during deformation history.
Compaction-induced volume changes
For describing the plastic volumetric strain components due to compaction, a cap surface is defined in the model. The surface grows (hardens) isotropically in the stress space with increasing irrecoverable volumetric plastic strains. An intermediate step towards calculating the plastic volumetric strains due to compaction is the introduction of an exponential relationship linking the compaction-related void ratio to mean true stress p*, i.e., Wan and Guo (1999a) .
Evolution of fabric
There are two approaches to describe the evolution of the fabric tensor F, namely strain and stress approaches. In the strain approach, the evolution of fabric is made a function of deviatoric plastic strains. However, this approach yields results contradictory to experimental observations, as demonstrated in the next paragraph.
In a stress-based approach, it is assumed that the evolution of fabric depends on the rate of deviatoric stress ratio & & = s/p, where & s and p are the deviatoric stress rate and mean Cauchy stress, respectively. This approach is supported by experimental observations made by Oda and Konishi (1974) and Oda (1993) . The latter reported that, at very large deformations, (i) granular materials approached an ultimate state at which fabric reached a "saturated" state ( & F = 0), (ii) deviatoric plastic strains persisted beyond this state, and (iii) the orientation of particles is greatly related to applied stresses rather than plastic deformations. From the first observation, it is concluded that both stress ratio and fabric remain unchanged at critical state, whereas the second observation excludes the fact that fabric evolution is dependent on deviatoric plastic strains. Furthermore, Oda et al. (1980) provided plots of stress ratio against fabric as derived from thin-section analyses of sand specimens at various stages of deformation. Ideally, the rate of change of fabric must be a function of current void ratio and fabric and rate of deviatoric stress ratio change.
In this paper, for the sake of simplicity and until more precise fabric evolution can be experimentally measured during deformation history, the incremental fabric change & F will be made to vary linearly with & , i.e.,
where χ is a constant. Equation [11] implies a purely deviatoric relationship and coaxiality of & F and & , consistent with experimental observations in which the fabric tensor strives to realign itself with the stress tensor. Furthermore, when the void ratio e reaches e cr at critical state, & approaches zero to ensure a constant stress ratio. Thus, at critical state, & F = 0, so all components of the fabric tensor F eventually achieve constant values. Whether the soil will reach a unique fabric at critical state is an open question of a controversial nature. In this model, the fabric developed at critical state, although constant, is not unique, but rather depends on the initial fabric and the deformation history. This is because critical state is reached at different mean effective stresses, which can support different fabrics even though the stress ratio is the same. It is the stationarity of fabric despite of its non-uniqueness with regards to deformation history which ensures the maintenance of steady state of strength at critical state.
Incremental stress-strain relationships
Classical plasticity theory is herein invoked in which yielding is described by a yield function f and plastic volume changes via nonassociated flow rule and a plastic potential g. The yield function f is made to depend on the mobilized friction angle ϕ m described by eq. [7] , and eq. [4] enters into the plastic potential g equation which governs dilatancy. Recall that the yield function is expressed in Cauchy stress space. Fabric is only incorporated into mobilized friction and dilatancy.
Lastly, the deviatoric stress -mean effective stress (q-p′) formulation of the model leads to the following incremental constitutive relationship: 
where G is the elastic shear modulus, H is the plastic modulus, & γ is the total volumetric strain increment, & ε v is the total shear strain increment, λ is the volume compaction parameter, and e 0 is the initial void ratio. The volume compaction parameter λ comes straight from the calculation of compaction-induced volume changes, i.e., eq. [9], and is given as
Numerical examples
In all the simulations that follow, conventional triaxial stress conditions are assumed in which the confining pressure σ 3 in the radial direction is kept constant while increasing or decreasing the axial stress σ 1 . The specimen may be prescribed with different initial fabric F and void ratio e 0 , whereas axial stresses may be made to vary. The material response is then analyzed and discussed in terms of trends in-volving deviatoric stress, mean effective stress, axial strain, void ratio, and effective stress path.
Fabric in axisymmetric conditions
More specifically, in principal axes and considering axisymmetric conditions, the initial fabric tensor F reduces to Figure 4 shows schematically a specimen endowed with some microstructure and its geometrical representation through a polar plot of the fabric tensor F. Here, the principal fabric values are F 1 and F 3 , and θ, the angle between the direction of F 1 and σ 1 , defines fabric orientation. Furthermore, during deformation history, F 1 and F 3 evolve according to eq. [11] and are subject to F 1 + 2F 3 = 3 for normalization purposes. A fabric ratio Ω relating principal fabric components F 1 and F 3 such that Ω = (F 1 /F 3 ) is defined to control the degree of initial anisotropy with the following cases. Isotropy is indicated by Ω = 1; Ω > 1 with θ = 0°corresponds to stronger microstructure in the direction of major principal stress, and Ω < 1 with θ = 0°describes the opposite.
Model parameters
Model simulations for drained behaviour of sand have been reported in Guo (1998, 1999a) . Model parameters derived mainly from drained conventional triaxial tests performed by Regier (1997) are herein recalled in Table 1 and augmented with new fabric-related parameters. Elastic parameters such as G 0 and υ were obtained based on smallstrain tests such as the resonant column test results reported in the literature. The intention is to predict undrained response using the model which has been calibrated based on drained conditions. In the following, only numerical simulations pertaining to undrained responses of saturated sand under various conditions, mainly fabric and its evolution during deformation history, will be discussed.
Influence of fabric orientation
Figures 5a and 5b show the computed response of Ottawa sand in undrained triaxial compression for a variety of initial fabric orientations θ at constant fabric ratio Ω equal to 4/3. In all simulations, the specimen was considered loose, with an initial void ratio e 0 = 0.735, and subjected to an effective confining pressure of σ 30 ′ = 200 kPa.
The influence of fabric is clearly demonstrated in Figs. 5a and 5b, since a wide range of undrained responses is obtained. For example, in the case of a vertical bedding plane (θ = 90°) parallel with the direction of major principal stress, a flow type of failure is obtained. In fact, a vertical bedding plane implies that more contact normals are oriented horizontally, so the specimen appears to be weak in the vertical direction with a high potential for volume changes to occur. This eventually translates into a large accumulation of excess pore pressures if total volume change were to be suppressed such as in undrained testing conditions. If, on the other hand, the bedding plane is made horizontal with most contact normals oriented in the vertical direction, the material appears to be overly strong. Therefore, less excess pore pressure is generated in undrained conditions, which explains the quasi-vertical part in the initial portion of the effective stress path shown in Fig. 5a . For bedding planes greater than 30°, the model captures the existence of QSS followed by an increase in strength, as shown in Fig. 5b . This material response is easily explained within the model, which accurately computes any subtle dilatancy changes during deformation history, including evolving fabric under undrained conditions. The point at which transition is made from potential contraction to dilation (if drainage was permitted) in fact coincides with QSS in undrained conditions. Therefore, due to this dilatancy transition, decreases in excess pore pressure with concomitant increases in mean and deviatoric effective stresses are bound to occur beyond QSS. As the critical void ratio changes in response to current effective stresses, the effective stress path will eventually stop whenever the void ratio of the test coincides with the effective stress dependent critical void ratio. Wan and Guo (2001) demonstrated by means of bifurcation analysis that conditions of instability prevail at QSS. Turning back to experimental results shown in Fig. 3 , good matching in overall trends displayed in Fig. 5a is found.
Model simulations at a higher confining pressure of σ 30 ′ = 500 kPa are shown in Fig. 6 for completeness. Although all responses depict a flow type of behaviour in which there is a general loss in strength, the peak strength achieved for each initial bedding plane case is different. The highest peak strength is obtained in the case of a horizontal bedding plane.
Influence of degree of anisotropy
Sand samples prepared by different methods invariably have different initial fabric. To simulate the influence of sample preparation methods on sand response, various fabric ratios Ω are used, keeping the initial fabric orientation fixed. A horizontal bedding plane consistent with most sample preparation methods is considered in the simulations. As such, a high fabric ratio corresponds to greater strength in the axial direction than in the radial direction because of more grain contacts axially. As in the previous section, all samples are chosen with the same initial void ratio of 0.735 and are subjected to an effective confining pressure of 200 kPa for comparison purposes. The model will give different results if different initial and confining pressures were used.
The undrained responses computed for various fabric ratios are shown in Fig. 7 . When the fabric ratio increases, the sand gives a response typically of a dense sand with strain hardening. On the contrary, for decreasing fabric ratios, the sand becomes more conducive to flow failure at large deformations (see, in particular, the case of Ω = 0.73 in Fig. 7 ). This trend is certainly in line with the experimental data shown in Fig. 1 . A specimen prepared by moist placement (MP) or wet tamping is bound to be stronger in the vertical direction than one prepared by dry deposition (DD) at a constant void ratio.
Influence of confining stress
The influence of confining stress on the undrained response with fabric is shown in Fig. 8 . Both the effective stress and stress-strain responses are computed at different confining stresses assuming a void ratio e 0 = 0.735, fabric ratio Ω = 4/3, and fabric orientation θ = 0°. A flow type of failure is predicted at higher confining stresses where dilatancy is constrained. However, at lower confining stresses, dilatancy easily appears whenever the stress ratio exceeds a limit value controlled by sin ϕ f in eq. [6] , and hence critical void ratio e cr by virtue of eq. [8] . With increasing mean effective principal stress, critical void ratio decreases while sin ϕ f increases. Furthermore, because no volume change is allowed in undrained conditions, negative pore pressures develop, resulting in a change in effective stress path direction until the ultimate state (i.e., steady state) is reached.
To illustrate the influence of fabric on undrained responses of sand, an extreme case is examined. While the initial void ratio and the principal fabric ratio are kept the same, the fabric orientation is rotated by 90°so that Ω = 3/4 instead of 4/3. Figures 9a and 9b show the computed undrained responses with trends completely reversed relative to those presented in Fig. 8 . In fact, as shown in Fig. 9b , flow failure occurs in all numerical simulations pertaining to Ω = 3/4.
Steady and quasi-steady states
Steady state (SS) and quasi-steady state (QSS) are two distinct states that have often been confused as being the same when analyzing data for the characterization of flow behaviour of sand. It is generally agreed that QSS in the p′-q plane can be achieved almost uniquely, regardless of the initial consolidation stress and fabric. QSS is a temporary unstable deformation state at which the sand specimen is deforming at constant volume, constant mean effective stress, and constant shear stress. However, continued shearing results in recovery of strength with concomitant strainhardening behaviour. On an effective stress path, QSS corresponds to the state of minimum shear stress after which the stress path changes course. This describes a temporary state of transition from contractive to dilative behaviour after a drop in undrained shear strength (see Ishihara 1993) .
Usually, the phase-transformation state PT coincides with QSS, but the former occurs at monotonically increasing undrained shear strength. Therefore, QSS can be regarded as a special case of phase transformation. It is also found that QSS exists only in a certain range of void ratios: it approaches the steady state for a very loose material, whereas it does not exist for a dense material.
Non-uniqueness of phase-transformation states
In earlier studies, it was commonly believed that QSS was a state determined only by material properties, i.e., the QSS line in p′-q stress space is unique, and the void ratio at QSS uniquely depends on current mean effective stress (see, for example, Verdugo 1992; Verdugo and Ishihara 1996; Cubrinivski and Ishihara 1998) . In fact, experimental data do not support this belief because careful examination of tests on sand performed by Verdugo (1992) shows that the phasetransformation line in e -log p′ space is not unique, but varies with the initial consolidation stress. Furthermore, it has also been found that phase-transformation state also depends on the fabric (see Yoshimine and Ishihara 1998) . Some other recent investigations also show that QSS is affected significantly by factors such as initial confining pressure, initial void ratio, and fabric (Konrad 1990 (Konrad , 1993 , and the very existence of QSS as a material behaviour was questioned by Zhang and Garga (1997) . In Konrad (1990) , so-called UF and LF lines defining upper and lower limits of steady-state strengths were introduced based on SS and QSS data lumped together. In later sections of this paper, it will be shown that variations of QSS and SS curves represented by LF and UF lines are systematically calculated from the proposed stressdilatancy model given the initial fabric and consolidation stress.
Effect of initial consolidation pressure
The stress-dilatancy framework described in earlier sections of this paper can shed some light on the controversy referred to in the previous section. Figure 10 shows simulations in which mean effective stress and void ratio values were computed at phase-transformation states for Ottawa sand which was tested in the laboratory by the authors at two initial consolidation pressures, i.e., 500 and 200 kPa. Since no information was available regarding the initial fabric, the sample was assumed to be initially isotropic. Also, no fabric evolution was included in the calculations, contrary to the simulations in the previous sections. The phasetransformation curve as calculated by the model matches the experimental data quite well. Interestingly, the experimental data did not reveal a unique phase-transformation curve. Phase-transformation curves tend to merge into one at small effective mean stresses, but are distinct at higher values, as shown in Fig. 10 . The region in e-p′ space where QSS behaviour prevails is also shown, with the upper limit being the steady state. Any point below the quasi-steady-state boundary corresponds to stable behaviour. It is apparent from Fig. 10 that, against all expectations, it may be very difficult to liquefy a very loose sand at low confining pressure. From the field viewpoint, this implies that under certain stress and fabric conditions sand deposits near the ground surface may never liquefy. There is some experimental support for this claim: Uthayakumar (1996) showed that loose sand at a relative density of 30% and effective confining stress of 200 kPa displayed dilatant behaviour when the loading direction with respect to the fabric was changed. Also, Sture et al. (1998) have recently shown evidence of volume dilation instead of contraction as loose sands were sheared under extremely small confining stresses. Further simulations were carried out for another sand, i.e., Toyoura sand, for which more extensive experimental results were available from Yoshimine and Ishihara (1998) and Verdugo and Ishihara (1996) . Figure 11a shows phasetransformation curves for a series of initial consolidation stresses together with the steady-state curve in the e -log p′ plane. Very consistent agreement is obtained between predicted and experimental results with regard to both phasetransformation and steady states. Furthermore, for each one of the phase-transformation curves, the point was found at which QSS is initiated. Figure 11b shows the locus of all these points which form a lower boundary curve for QSS. Thus, all possible states with flow deformation will be located between this lower boundary and an upper boundary, which is in fact the SS curve. In passing, the two bounding curves in Fig. 11b correspond to the so-called UF and LF lines introduced by Konrad (1990) .
As seen in Fig. 11b , all experimental data points (Verdugo and Ishihara 1996) corresponding to either SS or QSS fall within the bounds that were naturally calculated from the model. In particular, the lower limit of the SS curve has practical significance because it delimits the region of hardening behaviour from the one where flow deformations (SS and QSS) prevail in the e -log p′ plane. It is also interesting to note that the calculated lower bound curve for QSS tends to the SS curve at both small and large effective mean stresses.
In a p′-q plane, this would mean that for a given sand there is no unique PT or QSS curve, but rather a family of PT curves, with part of them as QSS with limited length for each value of initial consolidation stresses as shown in Fig. 12a representing our experimental data for Ottawa sand. There seems to be some discrepancy between experimental data and numerical simulation, probably due to fabric issues, but the overall trend is captured. The small stress range where steady state prevails is shown in Fig. 12b at a more convenient scale. Both experiments and model simulations show that the relationship between q and p′ at steady state can be expressed by a straight line with q/p′ = constant. This conclusion is in agreement with other experimental observations, e.g., Mooney (1996) .
Effect of fabric
The effect of fabric on the phase-transformation state is investigated for the case of Ottawa sand at an initial consolidation stress of 500 kPa. Different initial fabric ratios Ω were used, with evolution parameter χ kept the same as before. Figure 13 shows only the computed results due to a lack of experimental data. When the fabric ratio is greater than 1, i.e., the initial fabric is stronger in the vertical direction, the phase-transformation curve shifts to the right. Physically, this means that for a given void ratio, the mean effective stress at phase transformation is higher than that obtained for an initially isotropic sample. Also, the specimen has a tendency to dilate more due to the stronger fabric in the vertical direction. Hence the excess pore-water pressure at the phase-transformation state decreases with an increase in the fabric ratio. This suggests that due to fabric and stress-dilatancy related dependencies, the phasetransformation state curve is by no means unique. Thus, the region of flow deformation as introduced in Fig. 11b will vary according to the fabric. An extreme case is that a loose sand with very high fabric in the vertical direction may not flow at all. Figure 14 shows another representation of phase-transformation states calculated as described earlier and plotted in the p′-q plane, giving rise to the so-called strength envelopes at phase-transformation states. It is understood that the phasetransformation states also include QSSs, which are actually phase-transformation states at low effective mean stresses or large void ratios. Referring back to Fig. 14 , the strength envelopes at QSS follow approximately a single straight line. As a whole, however, the strength envelope at phasetransformation states is greatly affected by initial fabric. The same tendency will be observed for initial consolidation stresses other than 500 kPa. fabric, and confinement of the sand. However, fabric alters the e -log p′ curve.
(7) Fabric issues must be considered during the interpretation of laboratory or in situ test results to arrive at more objective strength parameters for design use.
The model has been extended to cyclic loading conditions by using hypoplasticity and double sliding concepts. More interesting phenomena with regards to liquefaction, fabric, and dilatancy issues will be subject of forthcoming publications. 
